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An organically modified silicate (ORMOSIL) as a matrix for oxygen-sensitive sensor, in which di-
methyldimethoxysilane was selected as an organic modifier in the precursor, is described. The sensing 
film with tris-(4,7-diphenyl-1,10-phenanthroline) ruthenium(II) as an indicator developed in this paper 
was characterized by efficient quenching by oxygen. Blue light-emitting diodes (λmax ＝ 475 nm) were 
employed as light excitation source. The linear range of the dissolved oxygen was from 0.5 to 16 μg/mL. 
The measured RSD was 2%, the response time (t95) was 60 s, and the determination limit was 0.2 μg/mL. 
A portable and inexpensive luminescence-based sensor was established and applied to the determina-
tion of dissolved oxygen in the surface water. 
ORMOSIL, fluorescent quenching, oxygen sensing film, ruthenium complex. 
1  Introduction 
The monitoring and the quantification of dissolved oxy- 
gen in water are of great importance in industry, medi- 
cine, biology, environment and many other aspects, be- 
ing one of the most important parameters for water qual- 
ity control. At present, developing new devices which 
are reliable, reversible and low-cost for the determina- 
tion of dissolved oxygen becomes a hotspot on oxygen 
sensor studies[1―5]. Ruthenium complexes are widely 
used on optical sensor[6―9] for dissolved oxygen because 
ruthenium complexes, especially tris-(4,7-diphenyl-1, 
10-phenanthroline) ruthenium(II) ([Ru(dpp)3]2+), have 
many advantages such as high photic and thermal stabil- 
ity, easy synthesis, and low cost. Sol-gel materials have 
been popularly applied in the optical sensor due to their 
excellent optical transparence, and mechanical and 
chemical stability. In addition, sol-gel materials are 
drawing attention owing to their flexible and convenient 
preparations under mild conditions, and have been suc- 
cessfully applied to immobilizing photosensitive probes. 
Recently, sol-gel materials have been used as a matrix to 
immobilize Ru(dpp)32+ to detect the dissolved oxygen in 
water[10―15]. The direct hydrolysis by inorganic osilox- 
ane is not suitable for the preparation of the sol-gel ma- 
trix since its fairly poor flexibility and correspondency 
with the polarity of the fluorescent indicator, resulting in 
the indicator leak. In this study, we describe a fabrica- 
tion of dissolved oxygen sensing film by the sol-gel 
process using an organically modified silicate (ormosil) 
as a matrix material, in which organic osiloxane, and 
dimethyldimethoxysilane (DiMe-DMOS) were em- 
ployed as organic modifiers in the precursor. Ru(dpp)3 
(ClO4)2 was selected as the florescent quenching indica- 
tor for oxygen. Taking blue LEDs as exciting light, we 
investigated the fluorescent response performances of 
Ru(dpp)3(ClO4)2 complex in the ormosil to the dissolve 
oxygen in water. In addition, the dissolved oxygen was  
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analyzed by a flow-through system. 
2  Experimental 
2.1  Materials and instrument 
Tetramethoxysilane (TMOS) was obtained from Shang-
hai Chemical Reagent Co. (Shanghai, China). Dimeth- 
yldimethoxysilane (DiMe-DMOS), methyltrimethoxysi-
lane (MTMS) and trimethoxyphenylsilane (PTMS) were 
purchased from Fluka (Switzerland). Ru(Ph2phen)3- 
(ClO4)2 [Ph2phen = 4,7-diphenyl-1,10- phenanthroline, 
Ru(dpp)3(ClO4)2] used as an oxygen- sensitive indicator 
was synthesized and purified in our laboratory, whose 
structure is shown in Figure 1. The fluorescent spectra 
were acquired using an F-4500 spectrofluorimeter (Hi-
tachi, Japan). 
Two sets of GF-4300 mass flow controllers (Gilmont 
Instruments Inc.), which have been accurately adjusted 
by a J&W ADM1000 intelligent flowmeter, were util-
ized to control the relative flow rates of oxygen and ni-
trogen gases. Differently dissolved oxygen concentra-
tion samples were prepared by flowing a mixture of 
oxygen and nitrogen gases into a sealed cell of deionized 
water. In order to compare the sensitivity of the oxygen 
sensing film for oxygen and optimize the experimental 
condition, the overall quenching response ratio in gas, R, 
is given by R = IN2/IO2, where IN2 and IO2 denote fluores-
cence intensity in N2 and O2 saturated water, respec-
tively. 
 
Figure 1  Chemical structure of Ru(dpp)3(ClO4)2. 
 
2.2  Sensing film preparation 
Glass slides (15×30×0.15 mm3) were prepared by 
treatment with concentrated nitric acid for 24 h, then 
washed with distilled water and ethanol, and then dried 
at 80℃ for 2 h.  
A suitable volume and volume ratio of TMOS and 
DiMe-DMOS were added to an open vial with a definite 
concentration of Ru(dpp)3(ClO4)2 in the THF. After the 
mixture was magnetically stirred for approximately 1 
min, 0.01 mol/L hydrochloric acid was added dropwise 
into the solution to control the pH. The whole solution 
was then immerged in 60℃ water and allowed to stir for 
3 h. Sensing films were prepared by pippetting 60 μL of 
the emulsion onto the glass slide surface symmetrically. 
Finally, individual films were thermally cured in an oven 
for 12 h and then ready for use. The thickness of the 
sensing film was detected by a field-emission scanning 
electron microscopy (FE-SEM; JSM-7400F, JEOL, Ja-
pan), and the average thickness of the films was esti-
mated to be 35 ± 3 μm.  
2.3  Equipment of fluorescence quenching detection 
In order to increase the fluorescent quenching rate and 
the sensitivity of oxygen detection, and simplify further 
the construction of the detection cell, four blue light 
emission diodes (LEDs) with mutual 90° angle were 
used in the probe design (Figure 2(b)). The tip of the 
optical fiber probe was put directly onto the oxygen 
sensing film. Ru(dpp)32+ complex immobilized in the 
film was excited by the light from LEDs, and then the 
emission fluorescence was filtrated by a cut-off filter. 
The filtered fluorescence was transferred by an optical 
fiber to a glimmer unit equipped with a photomultiplier 
tube (PMT). The output signal was multi-amplified by 
the PMT. The voltage signal after being transferred by 
PMT was changed to a digital signal by A/D apparatus, 
finally recorded, analyzed and managed by the computer. 
The chosen wavelength of the cut-off filter in the study 
was from 585 to 605 nm, while the maximum wave-
length was 595 nm. The filter could eliminate the inter-
fering of the excited light, assuring the minimum of the 
absorption of the emission light (Figure 2(a)). Stainless 
steel core with a size of 100 μm was employed as the 
inlet for water samples. Furthermore, the samples went 
through a nylon film filter disk with a pore of 20 μm to 
reduce the light scatter and the adsorption of the impu-
rity in the samples onto the film and the optical window. 
When the experiment was finished, the channel was 
washed by distilled water for 15 min.  
3  Results and discussion 
3.1  Optimization of the sol-gel precursor 
The precursor plays a very important role in the fluores- 
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Figure 2  Schematic representation of the new oxygen sensor. (a) Scheme of the setup for oxygen measurement; (b) planform of the sensor cell. P, Peri-
staltic pump; R, reflecting mirror; S, oxygen sensing film; O, optical window; F, cut-off filter; LED, light emitting diode; PMT, photomultiplier tube; M, 
glimmer meter. 
 
cence quenching of Ru(dpp)32+ complex. During the sol- 
gel process, organosiloxane monomer or polymer such 
as MTMS, PTMS or DiMe-DMOS containing of alkyls 
was usually used for hydrolyzing and polymerizing to-
gether with osiloxane alkyl such as TMOS or TEOS. 
Compared to the same molar ratio of MTMS or PTMS 
with a methyl or a phenyl, the experimental results indi-
cated that the sensing film made by DiMe- DMOS pre-
sented advantages of good fallibility, short response time 
and high overall quenching response ratio of nitrogen 
and oxygen (Table 1). Because of the symmetry of oxy-
gen molecule, the less polarity of oxygen molecule made 
the molecule penetrate easily into a hydrophobic envi-
ronment or film. The sensing film prepared by TMOS 
and DiMe-DMOS with two methyls provided a more 
hydrophobic environment compared with that by MTMS 
or PTMS, resulting in a better affinity to oxygen. This 
characteristic caused a higher permeation of oxygen into 
DiMe-DMOS sensing film, and obviously quenched the 
Ru(dpp)32+ fluorescence, hence, a sensing film with high 
sensitivity and fast response time to dissolved oxygen 
was achieved. In addition, the linear or planar Si-O-Si 
structure decreased the inner tensility of the sol-gel ma-
trix and increased the flexibility of the sensing film, 
since the two methyl groups on DiMe-DMOS are hard 
to be synthesized or hydrolyzed.  
The polarity of the sensing film has great influence on 
the response time and sensitivity for oxygen. In the 
study, we found that the polarity of the oxygen sensing 
film could be adjusted by varying the relative content of 
DiMe-DMOS and TMOS in the precursor. With the in-
creased content of DiMe-DMOS, the number of hy-
droxyl replaced by those of methyl at the terminal of 
-Si-O- increased, which decreased the number of hy-
droxyls and the polarity of the sensing film simultane-
ously. Therefore, it supplied a more sensitive environ-
ment for the response of dissolved oxygen. As shown in 
Table 2, with the increase of the relative ratio of DiMe- 
 
Table 1  Properties of oxygen sensing films with different organic modifiers 
Film TMOS(mL) DiMe-DMOS(mL) MTMS(mL) PTMS (mL) Consistency Response time (s)a) Leakage of Ru(dpp)32+ R (IN2/IO2)
b)
1 0.3 0.4 0 0 flexile 60 － 4.8 
2 0.3 0 0.4 0 rigid 86 － 1.3 
3 0.3 0 0 0.4 rigid 110 － 1.5 
a) Time for 95% of the full luminescent signal changes from N2 saturated water to O2 saturated water; b) I N2 and IO2 denote fluorescence intensity in N2 
and O2 saturated water, respectively. 
 
Table 2  Responses and properties of oxygen sensing films obtained from different DiMe-DMOS content 
Film TMOS (mL) DiMe-DMOS(mL) Consistency Response time (s) Leakage of Ru(dpp)32+ a) R (IN2/IO2) LOD (μg/mL)
1 0.2 0.15 rigid 60 15% 4.3 0.5 
2 0.2 0.20 less rigid 54 8% 4.6 0.7 
3 0.2 0.24 flexile 40 － 5.2 0.3 
4 0.2 0.28 flexile 34 － 6.1 0.3 
5 0.2 0.32 flexile 30 － 7.4 0.2 
6 0.2 0.36 sticky 46 5% 6.9 0.3 
 




























a) Sensing films were immerged in oxygen saturated water solution for 60 days.   
DMOS to TMOS in the sensing film, a higher sensitivity 
to oxygen detection was achieved, additionally, the re-
sponse time was obviously reduced and the flexibility of 
the film was increased. But the film preparation became 
difficult, the response time contrarily increased and the 
sensitivity decreased if the volume ration of DiMe- 
DMOS to TMOS was over 1.8:1. The result indicated 
that 62% of the DiMe-DMOS was the appropriate dos-
age. 
3.2  Fluorescence response characteristic of the oxy-
gen sensing film excited by LED 
The fluorescence response characteristic of the oxygen 
sensing film was studied using blue LEDs with a maxi-
mum excitation wavelength at 475 nm. The result indi-
cated that the start-up voltage of the LED was around 
2.5 V, and the luminescence intensity and half width of 
emission peak of LED increased with the increasing 
voltage. When 4.0 V was applied, the maximum lumi-
nescence intensity of the LED was obtained, and the half 
width of emission peak was 41 nm (Figure 3). With the 
further increase of applied voltage, the luminescence 
intensity of the LED decreased in reverse, but half width 
of emission peak had not an obvious change. Taking the 
LEDs as an excitation source, we studied the fluores-
cence emission wavelength of the oxygen sensing film 
and found that the maximal emission wavelength was 
around 598 nm, and the Stokes shift of the sensing film 
was 135 nm (Figure 4). Although the LED with a rela-
tively narrow width of half peak was chosen, the excita-
tion and emission spectra of Ru(dpp)3(ClO4)2 still over-
lapped a little as shown in Figure 4. In order to reduce 
the influence on practical detection caused by the emis-  
 
 
Figure 3  Spectral profiles of LED( ) with different applied volt-
ages and comparison with absorbance (―――) and emission (------) 
spectra of Ru(dpp)3(ClO4)2. 
 
Figure 4  Comparison of oxygen sensor optical output with (―――) 
and without ( ) an intervening filter. 
 
sion light, a filter with a permeate wavelength of 595 nm 
and a peak width of 20 nm was chosen in the study. Fig-
ure 4 shows that the influence caused by the excitation 
light could be absolutely eliminated, though the filter 
reduced the fluorescent intensity. 
3.3  Response of oxygen sensing film 
The use of DiMe-DMOS in the sol-gel film fabrication 
process reduced the affinity between oxygen and the 
sensing film, which made the dissolved oxygen in water 
easy to be transferred and enter the film in a gaseous 
state, resulting in that the sensitivity of the sensing film 
to oxygen increased and the response time short-
ened[16,17]. As displayed in Figure 5, at the beginning the 
fluorescence intensity was around 960, the value was 
between the fluorescence intensity of O2 and N2 satu-
rated water (290 and 2060, respectively). Because the  
 
Figure 5  Typical response of oxygen sensing film on exposure to nitro-
gen and oxygen saturated water. 
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oxygen dissolved in water kept a commutative equilib-
rium with that in atmosphere, the concentration of oxy-
gen in water remained constant, which was intervenient 
between the concentrations of O2 and N2 saturated water. 
The study demonstrated that the sensing film presented a 
good reversible response when the water sample was 
saturated by N2 or O2. In the process from N2 to O2 
saturated water, the response time of the sensing film 
was about 60 s, but 200 s for O2 to N2 route. The slower 
response further demonstrated that the affinity between 
the ormosil and oxygen was greater than that of nitrogen, 
and a longer time was necessary for the gaseous nitrogen 
to drive the gaseous oxygen out of the sensing film. 
Furthermore, the response time of the sensing film was 
affected by the film thickness. A thicker sensing film 
presented a slower response character owing to the lar-
ger transferring resistance for oxygen in the film. Be-
cause of the limitation of the mechanical performance 
and the lifetime of the sensing film, a sensing film with 
a thickness of 35 μm was selected in the experiment.  
Photochemical stability is an essential factor for oxy-
gen sensing film. The florescent indicator Ru(dpp)3 
(ClO4)2 and the film were continuously illuminated by 
the blue LED for 240 h respectively. After illumination, 
the change of the 1H-NMR spectra of Ru(dpp)3(ClO4)2 
and the response behavior of the film to O2 saturated 
water were checked. The experimental results showed 
that there was no visible change in the NMR spectra, but 
the response value of the sensing film for 5.0 μg/mL 
oxygen decreased by 3% before and after illumination. 
These results further indicated that there was no obvious 
degradation or photochemical reaction of the florescent 
indicator during the illumination at the chosen excitation 
wavelength, and the response alteration to oxygen was 
still kept in permissive range of error. The further study 
results showed that there was no fluorescent reagent 
leaking after the sensing film was immerged in water for 
60 days. The florescent response change of the sensing 
film was within ±5% for 5.0 μg/mL oxygen when the 
film was stored in a dry and aphotic environment for 10 
months. Because DiMe-DMOS was employed in the 
film preparation, and resulted in the film hydrophobic 
increase, the film presented a dull ability to respond to 
the H+ concentration change of samples, and there was 
no obvious effect change of the sample pH in the oxygen 
determination. 
3.4  Determination of dissolved oxygen in water 
The principle of optical O2 sensors based on the fluo-
rescence quenching follows the Stern-Volmer equation: 
I0/I = 1 + Ksv[O2],            (1) 
where I0 and I denote the luminescence intensity in the 
absent (I0) or present (I) of oxygen. Ksv is the Stern- 
Volmer constant, and [O2] is the O2 concentration.  
With the increase of O2 concentration, the degree of 
fluorescence quenching increased and the fluorescence 
intensity of the indicator decreased. As shown in Figure 
6, the detection limit of the oxygen sensor was 0.2 μg/ 
mL, the linear range of response to oxygen was 0.5―16 
μg/mL and the linear fluctuant coefficients were 0.9866. 
A standard deviation of 2% in a series of 10 samples in 
5.0 μg/mL standard oxygen solution could be obtained 
by this system. The data obtained by this sensing system 
presented a systematic error of 2% compared with those 
obtained by the commercial apparatus (YSI 5100, 
America). 
 
Figure 6  Plot of the observed relative intensity as a function of different 
dissolved oxygen concentrations. The inset diagram is a Stern-Volmer plot 
of the data presented in the main diagram. 
4  Conclusion 
The polarity of the sensing film could be reduced by 
employing the ormosil material, and as a result, the sen-
sitivity of the sensing film for oxygen detection could be 
greatly increased and the response time be greatly 
shortened. The study results showed that the blue LED, 
which has a maximal excitation wavelength at 475 nm, 
could be applied as the excitation light for the fluores-
cence quenching apparatus in the dissolved oxygen de-
tection, and the photochemical performance of the fluo-
rescence quenching indicator kept its stable character 
under the LED illumination. The constructed apparatus 
could effectively detect the concentration of the dis-
solved oxygen in water and the application lifetime of 
 




























the sensing film could last for more than 10 months. 
Finally, these results would be helpful to making high 
performance optical film for the sensing determination 
of dissolved oxygen, and to the development of new 
oxygen sensors.  
We also express our sincere thanks to Professor Yang Xiaoqing, College of 
Foreign Languages and Cultures, Xiamen University, for her kind revi-
sion. 
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